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Evaluating the Type and State of Alaska Taiga
Forests with Imaging Radar fbr Use in

Ecosystem Models
~ok:i way, M(t)thry Il!<f<, llric J. M. Rig not, kfc;}lbcr, )lff!’, ~y]c.  ~. Mc])ol)a]d  , MmbcH, ]f;k’/, kinl orC1l,

~on:dd Kwok, ~orxion Bonan, M y r o n  ~raig Dobson, S(t)ior A4cltlbc,t, //;/;/,’,  l,cslie A. Vicreck,
and Joanna 1;, Rot]!

Ahsfrm-/—(~haIIgcs in IIIC scasoniil (:02 IIUX of the boreal Jor-
cs[s may wsult  from  increased atmmsphcric  (X)l  co]]cl.ntrations
a n d  ilSSol’i;ilt’(1  global  wisrmin~ paltcrns. To monitor this po-
tm[i~l  changr,  a COIIll)illi\(ioll  of’  information dvri~d  from re-
mote  scnsinx datii , including ford type and growing SWIWII
lQIIg[h,  and crtjl)ltysi(ll(~gictll  models  which prdid  the C02  flux
and its scasmtal amplifude  based on Imlcorobgical  data, arc
required. fit this pupcr wc ahirms  Iltc us~ ofsynthctic  aperture
radar (SAR)  to II]ii])  forcsi tylw  ~ind monitor caIIopy and soil
f’rvwe/lltaw,  which define lIIC gulwing  S(,iiSol)  for  Colfif’ers,  aIId
Id on/otl,  which defines fhc growing season  fur  deciduous spc-
cirs. Aircrafl  SAR (A fl{SAR) data collwird  in March 1988
during  a frccm/tllaw rvcnl  arc uwd  10 gmm-alc  Spccim m a p s
and 10 dctcrmiuc  the sunsitivio  of’ SAR to canop} f’rwv,c/tlmw
tramsitious. ‘f ’hcsv (iala  art’ ah usd 10 validate a microwave
scattering  IIIWICI which is the II used 10 dclcrminc  the scmilivity
of SAU to kwf’ on/off’ transi[iom  and soil f’rwzc/ttmw.  l~inally,
a C’02 fhx al~orithm  is prcscn(d  whid]  utilius SAR data and
an cc(}l)llysi{)lt)gical  mmkl  to cstimalc  (’02 flux. C02 flux maps
arc gcmratcd,  from  }! hich arcai  tslimates  of (’02 flux arc (fc-
rived.

1. INIROI>LICIION”

w l’f’11 :Il)llt(lxil)):ilcly 21 % of” the global  soil carbon
:illd  18 % 01 thC ~lobill (crrestrial  live Cal’bOll,  the

boreal Iores[  is (I1c ll~:tjor reservoir o{ soil org:t]tic  nl:i(tcr
and is sccwnd  only to broad lcal hul~li(i forcs(s  in terms of
live carbon s[oragc 122 j. in addition, up(akc aIKl rclcasc
of ~01 b y  (IIC horcal  forcs(  Inay accwun[ f o r  approxi  -
nurtcly  502 of the scast~nal atnpjil(tdc in a(llmspllcric co?
at Poin( Barrow, AK, and atx~u( 30 % of’ the seasonal an)-
plitudc at Mauna 1 m I 1 2]. Iksc(i on current cstitnates  of
oceanic carbon uptake, “1’ans [’( ~i/. , I 3 I ] Concluded tha( a
northern hcmisphcrc  tcrrcs(rial carbon sink on the order
of 2 .0–3.4 Gt C pcr  year is required (() balance the global
carbon budgcl  . While ‘1’ans c1 (Il. associate this sink with

deci(iuous  forcsls  i n  tcnli>cr:itc  latitucic.s,  Bonan [7], I 8]
suggcs(s this sink tnaj ac(u:ii]y  bc a consequence of an
ilnhaiancc  in pro(iuctioll an~i (icc[)t~~~~(~si(ic)]~  in borca] for-
Csts ,

‘l-he roic  of borcai  ftir(s(s in thr carbon cycic  is par[ic-
ulariy in]imr(an[  bccausc  cxi~crimcnts  with a t m o s p h e r i c
:cncrai  circulation nmdt’ls  indicate significant norlhcrn
ilcnlisi~hclc  high Ia(itu(ir ciitlui(ic warming with cioubieci
atlnosphcl  ic U)z c(]tlcclltl:i(it)]~s  (e. g., [29]). ‘1’hc ccoiog-
icai in]pii[a(ions of such a climatic ci]angc  arc unknown,
bu( the sc,tsonai  an~i]iitu{ic  of atmosi~hcric  CX)2 conccn-
tla(ions  in nor(hcm  iatitu(ics  has incrcascci  with time, aIICi

t h i s  Inay lcflccl incrcasc(i  lnc(:iboiic act iv i ty  of ccosys-
tcn)s in no] (hcrn iatitu(ics  duc 10 warmer air tcnli)craturcs
:itIci “~O? fcr(iiizalioll’ 11], li6], [18]. change  to a
warmer,  dlicr ciimatc inay rclcasc  nlore  than 1.75 G( C
pcr year to the atmosi)hctc  fi{~n~ borcai  ecosystems 126].
A s  a cmni):lrison, cstilnatcs  of 1980 antiuai  fossii  f u e l
cnlission  atl Li rcicasc  t>f’ carimn  from tropical (icforcs(ation
arc’ 5.2 Gt (’ and 0.7- i .4 (i( {’, rcsi)cctivciy \ i!)]. In ad-
dition to incrc.asing mctaboiic ac[ivity, incrcascci high iat-
itu(ic  tcmi>craturcs  tnay aiso cxtcn(i  the growing season
rcsuiting  in  incrcascci  al}nuai ilrociuc[ivity,  as wcii as i>c-
rimis  of frost drought which inay rcciucc annuai prociuc-
tivily.

k~scd on the ahovc diSL’llSsiOn,  n]casurcn]cnts  of t h e
icn~ti]  of the growin~, scasun. the ieng(h of pcrio(is  of frost
(imu. gh(, and the seasonal afnpii(utic of C02 flux Inay sign-

ificantly iml>rovc currcnl  cstimalcs  of nc( annuai ~OJ flux
in t}tc bore.ai regions. Growing season icngth  may bc cs-
tilna(cci  for dtci(iuous si)cci~’s  by cictcrtnining  the duration
of icaf-on  pcrimis.  }jor cojlikrous  spccics,  t h e  s u m m e r
frost-free pctiod boullcis tlic growing scas(~nfil  icngth.  Es-
tilnaling scas(inai  amplitu(ic is nlorc  ciifiicult.  Bonan h a s
dcvclopcci  an ccophysioi~)g ical mmici  w h i c h  cslim:itcs
C02 f]ux basc(i  on air tcmpcraturc,  i)rccipitatirm,  miativc
hUIIljdi(y, air i>rcssurc, wirlci si~ccci,  an(i clouciincss  for the
ciominant  spccics in ti~c Aiaskan  boreal forests [6], [7].
‘1’his Inoclci i>r[~vicics a iink bctwccn  parameters which Inay
be relnoteiy  sensed (tcmpcraturc, rciativc humidily, anti
c]oLId  cover), and CO? flux atllpii(ucic  wilich is currcntiy
not possibic  to (ictcnninc ]clnotciy  an t i  cxpcnsivc  to cs-
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timate  using ill si[[~ techniques. Applying the model to
cstinut(c  Ian[iscapc COZ flux rcquirzs  accurate estimates
of the distribution of each formt type.

A number of remote sensing instruments tntiy  bc used
to derive forest  type maps and cstimalc  growing season
length, and it is likely tha( a combination of sensors will
provide the most accurate inforlna[i[)n.  ‘1’hc Advancc(i
Very High Resolution Rac!iomctcr  (AVHRR),  for exam-
ple,  may provi(ic gooci  cstimti(cs  of ]caf-on  period, thus
bounding lhc growing Season icngth  for (iCCidLIOLIS  SpC-

tics. ‘1’() cictc.r!ninc the v:i]ac of synthetic aperture raciar

(SAR)  forcstimting  thcscprq)crtics,  a series of n]ulti-
tcmpomi, muitifrcqucncy  aircraf( SAR (AI RSAR)  d a t a
SCIS have been collcctcci.  ‘1’hcsc AI RSAR  data sets allow
us to stuciy the change in micmwavc backscattcr  for the
seasonal s(atcs captarcci by the AI RSAR  an(i to vali(iatc
raclar scat(crillg  nmicis un(icrthcsc sclecl  mctcorologic;tl
con(iitions.  ‘1’hc raciar mo(icis  then allow us to dctcrminc
(iominant  sctittcring  mechanisms an(i how they change
wili~ the geometric an(i dicicctric makeup ofthc forest  as
pcr(urbcd  byscason. ‘J’JIc IIIO(iC]S also allow us to predict

forcsl  backscattcr  at ail frcqucncics  anti polarizations OVCI
an entire ycarof  hypothctica]  seasonal SI:I(CS [o cictcrminc
which might bc obscrvc(i  by spaceborne SAR systems.

III this p:tpcr,  wc :isscss  tile usc of SAR for mappitlg
borcai  forcs[tyj~c:ttl(i f(~rt~loI~it()rit~ gfrcczc/t}l:tw  aj~(iic;il'
orl/(>fl’tritI~sitioI~s.  ‘l’he ciata set wc usc were collcctcd  by
ti~c AIRSAR polarimetric aircraft raciarovcrthc130r~:i11za
(7rcck }xpcrimcntai  I~orcst (H~IiF) near Fairbanks, AK,
in Marcil 1988 when the trees changcci  from a thawcci 10
a frozen state ovc.r a onc-week pcrimi. ‘1’hc sensitivity of
ra[iar  backscattcr  an(i scat ter ing mechanism to  thcsr
charlgcs is cicnlonstratc(i,  as WCII as our  ability to map
tiominant  floociplain  forest types using SAR image [iata.
A scat(cring  modci  vaii(iatcd  with the AIRSAR  data is
then uscci  to (ictcrminc the sensitivity of SAR to leaf rm/
ofl’ and soil frcex,c/tt~av+  transitions for which sensor ciat:i
do not cxisl. l’hc AIRSAR  data arc also uscci  to(icrivca
forest tyilcclassific:itiolll ll;tp. Finally $ COjfiUXn IiipSdC-
rivcci from ti~c classification mapanci  an ccophysioiogicai
mo(ici  arc gcncratc~i  for the scasonai  states cap(urcci  by
the A1il SAR,  :tn(i sccnc  average C’OZ flux vaiuc.s  arc cs-
timatc{i.

I I .  ik)NAN7A ~R};ltK EXI~IiRIMHNIAI. FoRtwI ‘1’IXJ  SJli,

‘Mc tcs( si(c rcprcscnting  tile Aiaskan  taiga f o res t  i n
t h i s  stu(iy is the llonan~a  C r e e k  Hxpcrimcntai J~orest
(BcE1’). rmEF, a IJOng ‘1’crtn  Ikologica]  R e s e a r c h
(LTIX)  site 134], has been the sub~cct  of nmcicling  stuci -
icsby Bonan,  Shllgar(,  anti others 12]-[  11]. II) addition,
it is onc of the primary tcs[ sites for ra(iar  signature studies
using the AI RSAR,  the Iiuropcan  Remote Sensing satel-
lites  (I~RS-1 anti IiRS-2),  and tile  Japanese Ihtr(h  Rc-
sourccs Satellite (J1i RS- 1) SAR  {iat;i sets 12 1], 142].

‘1’hc 30,000 ha IICIIF lies within the l’anana  Vailey
St:iiC Forest at iatitucic  64° 45’N, iongitu(ic 148° 15’W

in intcriot Alaska along the Tanana River in the. Y,onc  of
(discontinuous pcllnafrost.  ‘l’he climate is contincnta]  with
lalgc (iiurnal  tcnlpcraturc  changes, IOW precipitation, low
c[t Iucf cover, and low  ilumi(iity. BC1l I; inclucies both up-
i:iTIci fire-controlle(i succession an(i floo(iplain succession
forests. I’hc fl(miplain fore.sts arc the focus of this paper
in or(icr to eliminate topography as a factor in the mciar
im:igc  anaiysis.

l)UC IO tictivc erosion of malurc  stancis  along the ‘l’an-
ana and ptoducti~~n of siit bars on the river flmciplains,
most BC.F,I< forest stan(is tcnci to bc in a variety of young
successional st:ig~:s 11 5], [36]. Primary succession on the
flo(dpiain begins with willows and alclcr which s(abiii~c
the tcrraccs  providing biological cmtroi of the floo(iing
and allowing the forest  floor to develop [36]. Alder (A/~iM.\
trnl{(fidia) arc f’ol l(~wcd  by balsam popiar  (Populus  k/-
,sa}ji(fetw) which compctc  with the shade-intoicmnt alcicr.
Fin:l]i y, white spl ucc (Piccw  ,y/[IHcfJ) (iominatc  on river
aliu\’iun~  where prrmfrmt is absent. ]n locations where
the white spruce s[an(is arc protccte(i  from erosion, their
shading allows the formation of pcnnafrost, which then
results in a final successional transition to black spruce
(Picm It fflrifltla).

1]]. [~AN1’ol”  ];~l:l.ZI:/’J’ll  A\\’ ~BS1.kVA’l  IONS
w’]ltl AI RSAR

F’tcczing  and thawing of tile  soil an(i trees cicfinc the
iimits of the gro~ing season anti the ciuration  of frost
drou~r,ht  for the coniferous forests. Prciiminary  observa-
tions with airborne SAR in(iicatc  a clear ability to monitor
canol)y frcc~c/thau  events [42]. A quant it:it ivc assess-
ment of these obscrt’titions  is prcsen(c(i along with ill siff(

data ;ind microwave modciing  results, which arc uscci to
explain the intcrac(ion  of the raci:ir with the forcs(s  un(icr
ciiffclcnt mctcotolop,ical  conditions.

A .  01~.renwiiwt,v

A it hornc SAR ciata colicctc(i with the Jet Propulsion
Laboratory’s (JP1.’s) F, 1.-, an(i C-banci  (0.450, 1.26,
and 5.31 Gliz, rcspcctivcly) polarimctric AIRSAR
nK)LIntcti in NASA’s 1)~-8  aircraf(  were acquircci over the
B~li}I tcs( site on five flight ciays in March 1988 142].
Overlapping passes were acquircci on March 13, 17, aJKi
19. D:ita  collected on March 11 and 21 were c) flsct  by
:ipproximaicly a haif.-swath-wi(ith  an(i will not bc uscci duc
to inci~icncc angle ciifl’crcnccs,  On March 17, the P-band
radar 1(Js( its V-translnit  capability; anti on March 13, tur-
bulcnc( in the air rcsul[ccl in banciing in the ~-ban(i  ciata.
I)attr  collcctcd  on Mulch 17 an(i 19 arc nearly idcnticai in
backsc:{ttcr  bccausc air tcmpcraturcs  were wcli b e l o w
frce~,ing on botil days. ‘1’hc March 13 ciata were collcctcci
{iuring  fin unusuaily  w a r m  pcrioci (tclnpcraturcs  w e r e
above O“c) an~i show significantly higbcr  backscat[er  than
the two colcicr (iays. ‘J’able I sun~mar-izcs  the AI RSAR data
sets fot March 13, 1“7, an[i 19. Given  the above consi(i-
crations,  wc will focus on the l.-banci  ciata colicctcci  on
March 13 anti 19.
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‘i’hC M:irch 1? anti 19 l.-b:ind da[a Were ca]ibratcd  ra-
diomctrically  to + /-- 1.9 cl]] using 6’ corner reflectors
[21 ], and color density slice tot:tl power images were gen-
cratcci (Fig. 1 ) .  ‘1’he rcd rcgicsns  along lhe ‘1’anana ~ivcr
in the March  1? image rcprcscnt  the mature  stands rsf
white spruce and balsan~ pql]:ir frond on tk flrmdpl:iin,
while [Ile blue regions in this inlagc represent stands of

black sprucc.  ‘I’llcregic>ll  to{tlcso~ltll oftllc’I’allaIla  River
is black spruce :tnd bog. in the March 19 l.-band sccnc,
while spruce an(i balsan~ poplar  backsc:ittcr  are rmiuced
by about 5-7dH rcsLll[ing  illblt]e-colorccis(:il]cls  with our
ccslor schcmc.  ‘1’he illlagc was collected from the south;
stands along the north  bank csf the river in the March 19
sccnc  rcm:iin  bright (red)  duc to a stcm-river corner  re-
flector return.

B. Atlal>’.vi.v

III order to understand the causes for the change in
btickscattc.r  with I’rcczing  and thawing, radar  scattering
mdcls arc employed. /}1 situ data, including both static
(geometry and species) an~i tcnlpOrally  varying campy
propcr[ics collcclcd at the tinlc Of Ovcrfli@t,  arc used as

inpu( tofit(i:irsc:lt[cril]g  I])()({cls  toclcterlllirlc ttlccxpcctcd

backscattcr  fronltbc Iorcst, andthc rc.slllts  arcco]]lparcci

to [he measured backsca[tcr  signtitures  (Fig. 2). Agree-
ment fcsr a variety of frcqucncics,  p01ari7a(i0ns,  and sca-
sonal states indica(es  the r:idarscattcring  through the can-
Opy is cOrrcctly  mo(icic(i.  IIy then Imking at the various
contributions to the k~tal b:ickscattcr  as icicntificci  in the
modci,  insight into  the ciominant  scatterers can bc asccr-
taincd.

1) I)J Silu lb//a: /11 si[u ciata colicclion  inclu~ics static
CaIIOpy  and  soii  propcr(ics,  irlcilldi[lg spccics,  slclll di -
amclcr an(i height, anti canopy dimensions, and [cnlpo-
rally varying properties which must bcacquimi  at ti~ctimc
ofSARci:lt:icc)licctic~ll.  Temportllly  varying propcr[ies  in-
ciucic canopy water sl;itus  and ciiclcctric pmpcrlics,  and
snow moisture propcr[ies. ‘l’he cotnplctc  set cd’mcasumi
canopy pmpcrtics is ciocumcntcci on a CI) Ron] by Way
et ai. [45].

50-

4 5 -

40-

35-

30-

25-
MARCH 13, 1988 (THAWED)

MARCI{ 19, 1988 (FROZEN)

-220 -20,8 -19.6 -~8.3 -17,1 -15.9 -14,7 -13.4 -12.2 -11.0
L.BAND IJO TP

(--ii:> . . ..- 393
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r

backscatter

modeled
scatt mech

measured
backscatter

L....–- — . . . . .

4 + cornp,anson  of trwasm’d  and modeled results

W 2. hf~’dcliw !’,l~h~ilys  sll(~~vitlg  IIIC USA’ of M1hfl  CS am] t he  van 7.YI
II IOCIC1 I(I undcl-. [an(i  !hc il![cractit}ti. of the r,{d~ir with the fotcsts.
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{i) Stali(t  Cat)opy Gcottlett’~.” Approx imate ly  30 for-
est stands (including 3 clear-cuts) in RClil~  have ken idm-
tificd for this study (I:ig. 3). ‘1’0 d:itc,  canopy  geometr ic
charactcris[ics  have been COIICCM for 12 stands (Tab]c
11): 5 were ob(aincd  during the M:irch AIRSAR  cxpcri-
mcnt and in the summer of I 988 120], and 7 additional
stands have been measured in the summer of 1990 [28].

Each stand consisls  of 10 measured plots scpar:ited by
5 0 - 1 0 0  m  a n d  distribute(l along  (Jnc or two tr:insccts
through the stand. Approximately 150 trees pcr stand were
measured for stem ciiamc[cr  a( brc:is( height (I)lIH) and
number dcnsi[y,  where a tree is clcfincd as having a IJBH
of at least 2.5 cm. I;or[y trees (approxitna[cly four pcr
plot) of each spccics frequent in the ovcrstory  were sc-
Icctcd for hcigbl  nlcasurcmcnts.  I?rom the l)B}i and hcigh[
data, linear regressions relating I)BH and hcigh(  were USCCI
to cstimalc. heights ft>l al] trees in the mcasurcci  plots.
Bionlass  was calculated using equations by Yaric and Van
Clcvc  147], M a n n i n g  (’I (Il. 123], a n d  Singh I?IO]. ‘l’he
mean of hcigh[, l)lIH, stem number density, pcrccnt  can-

opy cover, and winter biomass for each stand arc sunl-
nlari~,cd in ‘1’ab]c 11.

l<or balsam popla], the mean heights for the mature
stands arc 15-17  m wi[h nlcan 1)1111’s  of 18 cm and a stcm
density of 1125-1615 stcnls/ha. “1’hc younger balsam
poplar stan(l has a much smllcr I)JIH and height  and a
much largct  stcm density as is typical of young stands.
I’hc white spruce stands arc sitnilar  in height  and Illltl to
the balsam jmplar s(andi  with tncan heights ranging from
20 to 22 m, tncan I)BH’s langing  from 14 [o 25 ctn, ant]
stem dcnsit~cs f rom 608 to 2 0 7 3  stcn~s/ha. ‘1’hc b l a c k
sptucc  slan(] is quite diflkrcn[  in di:imctcr  and height with
tncttn hcighls  from 7 [0 12 tn and mean J)BH’s of & 13
cm. I’hc stcln clcnsi[y is sitllilal at 1135- 1975 stcnls/ha.

b) Yettipom[ly  Varyitl,y  C{lttopy  l’ropctlics: I)uring
the aircraft overflights, several sccnc  variables (stem water
sta[us and dlclcctric  chatxc[cristics, and snow pack char-
acteristics,  inc]udinp,  mois~urc and tcmpcm[urc) were ob-
taittcd  on Seven M ilc lsl:ind in the WS-02  and 11S-01
stands. Air tcmpcmturc  aTid relative humidity were mon -
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Stu,,,l local  iott ARC hlca,,
(years) 1)1{11

(cm)

Zlfiircuts
((.., SC,  C,,  hl,l~  1,1 6 (19x5/6) o
((..2 w,]],>%  Id Y (198? /3) II

Aldc’-.(Alr8(~~  ICIIIIIIIIII(IJ
Al-! S,,,,,  M,Ic 1,1 3[) 5 f)

#a],;,,,,  .r””la[  (/,0, ),,/,,,  [2(,1 .!O,,,,  /<,,8)
1{1,.2 SCVC,,  M,Ic 1,1 9 [) 18(1
1{),  h Il;iviy  Irail 30 7.7
1<1,.1? It:t<llcy  [’l 15 ,,1 185

kYllilLsJIIuL’c  L(l’llcu Xlul{(u)
Ws t s,,,,,  M,lc 1.1 I(I5 19,6
W!T  ? s,,,,,  hf,lc 1.1 ) [IO 145
Ws  4 S.,,,, hl,lc  Sl,,t,gh
h’s 5

124 250
W,!l<w  1,1 18[1 179

Ilkick.  SIIIMCC  l~(tcII  md,{oool
1!s  1 SL’VC,,  hl,l.  1,1 ?(1(1 88

[{s7 SC, C,,  h%,lc  1,1 2(10 82
1!s  1? W,ll<)u l\l 2(1[1 139

itorcd  hourly  using two 1 ,rl’lil{ wcalhcr slat ions loc:itcd  in
the uplands (1.’l’lil+ 1 ) and on the floodplain (1 ,’I’IIR-2)
(see Ilig. 3). in addi[iOn, soil tcmpcraturcs  at 5, 10, 20,
anti 50 cm dcptlls  at the two 1.’l’liR wca(hcr  stations were
rccordcd  throughout the duration of the flights. These
temporally varying nlcasurcmcnls  are discussed in cletail
by Way CI (Il. 142 I anfi arc summari~,cd  in ‘1’able 1.

Throughout the cxpcritncnt bctwccn  March 11 and 21,
the ‘1’anana River rcln:iinccl  lroy,cn :ind there was approx-
imately 20-25 c]n o{ snow on the ground. No cicciduous
trees (balsaln  poplar an(l aspen on the floodplain and birch
and alclcr in the uplands) had leaves. ‘1’hc average airtcn-
pcraturc  dropped f rom 2°C on Mtirch 13 to --14°C on
M a r c h  17 and 19. Soil tcnlpcrtt~urcs  rcnlainccl  at () to
–3° C on all three days. Snow tcmpcratutc was O°C on
March 13, and the upper layer was wet during AIRSAR
data acquisition: while on March 17 and 19, the snow
tcmpcrat  u rc d mppcd  to I 3 ‘C, and the snow was frozen
throughout. On the warm day, snow Inoisturc  rose to
5-7% on March 13 but dropped to ()% on March 17-19.

One of the canopy characteristics which strongly :iffccts
the radar signature is the dielectric constant. Although it
was not possible to dctcrminc the dielectric constant for
the entire tree, mcasurcmcnts  of the stems were obtained
using a field-portable Applied Micr(~wa\c dielectric probe
and a O. 141 “-diameter tree tip. lktta were collcctcd  at
several depths in the whi(c and black spruce and balsam
poplar  on each of the {light ciays. ‘1’hc rcsu]ts arc shown
in Fig.  4. l~or white spruce on the th:iwcd  day, the real
diclcc[ric  constant rcachcs a peak of about 35 at abou[
3 cm depth. At gmatcr  depths, the dielectric cons[an~  dc-
crcascs  rapi(ily :ind rcachcs a cons(ant value at about 6 cm
depth. in comparing the measured diclec[ric  constant pro-
files  to tree core profiles, the higher dielectric constanl
region  corresponds to the xylcm tissue with the highest
hydraulic aclivity. Balsam poplar shows a similar pattcm.
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The black  spruce has a mom  uniform diclec(ric pmfilc on
[hc thawed d:ty,  reaching  a pC:lk  of :Ibollt  25 between about
1 and 2 cm clcpth. On the fmzcn day, the real ciiclcctric
constant profiles for both trees show a dramatic drop to
bclow:ic  liclcctricc olls[at~t  of5 at all (lcl~ths(lllctofrccz,-
ing of the xylcm liquids. ‘I’llclligllcr (liclcctric constants
in the active xylcln rcgioa  of the th:iwcd  trees arc duc to
thcfrccly  rotating polar  w:itcllll(~lcclllcs. Upon freezing,
rotation is haltc(i  and the c{iclcctric  constant drops signif-
icantly.

2) Bac/wcfltter  ,$ig)la~l{rc lk[mc~ioll: ‘1’hc m e a s u r e d
L-band backscattcr  for Ihc froz,cn and Ihawcd  days for tbc
12 stands and two clcarculs  arc plotted as a function of
agc and spccics in l:ig. 5 for ail [hrcc  polarizations (HH,
VV, :ind HV). ‘1’hc difl’ct’cnccduc to freezing is large at
:illttlrce ]~ol:triz:itiolls  for all thrccstancis,  with thcgrcat-
csl clifi’crcncc  at vcrlical and cross polali~,alions.

Table 111 shows the mean and standard cicviation  for the
mcasurcci backscat(cr  values forthc balsam poplar, white
spruce, and black spruce stands. ‘I’ablcl V sumlnari~,cs  the
rcsutts of’ a two-way analysis of variance with a least
squares ciiflcrcncc  (1.S1)) at the 0.05 significtincc ICVC1.
These results indicate that there is an intcmction bctwccn
spccics and frcc~,c/thaw  state for 1.VV (i. e., the rclation-
sbip bc[wccn  the fro~,cn and thawed backscat[cr  changes
with spccics, and the significance of [hc intcmc[ ion is
<0.05); however, for 1,11}1 and l,HV, there is no inter-
a c t i o n  bctwccn  spccics and frcc~c/thaw sta(c ( s i g n i f i c a n c e

of intcmction is >0.05). F’or l,HH anti I,HV, then, the
backscatlcr  from the black spruce is si.gnificanlly  diflcrcn[
from whitcspruccan(i  balsanlpoplar,  butthcbackscattcr
from wbilc spruce and b:ilsam  poplar arc not significantly
diflcrcnt  al cilllcr~)c)l:triz:tti(}tl.

3) Mi(.rfjtt(ll~,Mf  ~~/{,li)l~:”I’og:  till insight into~hccausc
for the change in backscattcr  bctwccn  the fro~cn  and
thawed states, ril[lzlrsc:ittclit~g moclcls may  bccmploycd.
In our analysis, wc usc the Michigan Mlcrmvavc  Canopy
Scattering (MIMICS) model.

(I) 7hc M/M/CS Model :  ‘1’hc MI MI(2S nmdcl  is a
fully polarimclric  first-order r~icliative lransfcr moclcl dc-
vclopccl at l’hc Univcrsi(y o f  Mich igan spccifica]ly for
modeling radar backsca((cr  from tree canopies. The ver-
sion of MIMICS applied in this study (MIMICS 1) has
been dcvclopcd  for applic:ition [o canopies with contigu-
ous or nearly continuous crown  Iaycrs.  This scc(ion  pro-
vides a very brief introduction 10 MIMICS 1. ‘1’hc conl-
pletc  cicriva[icsn of the model is qui[c l e n g t h y ,  a n d
thCrCfOrC the rCMiCI’  who desires mot’c information about
the derivation of the radia(ivc  transfer solution is rcfcrrcd
to 132] or [331.

As confirmed in a number of mmiciing studies [ ] 3],
[ 14], [241, [25], MIMiCS is vaii(i for m i c r o w a v e  fre-
quencies bctwccn  P- and X-b:in(is, muitiplc polarizations,
and over a wi(ic range of incicicncc  angles. In these anai -
yscs, cx[cnsivc  sets of canopy (i:ila  (icrivcci  from i)? si(u
ground  mcasurcmcnts  were usc(i as ini>ul to MIMICS, an(i
t h e  rcsuiting Imxicl outi)ut  w a s  ccmi)areci 10 n]ultii)olar-

i7.ation  r:iciar  ci~tta rccorcic(i wi(il truck-] nOuntcci  scatlcr-
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cm]ctcrs an(i aircraft-lnou t]tcci SAR’S.  Rcsuits  of t h e s e
stuciics  ha~c givcl~ conf idence in  the pcrfmmancc of
Mlh41CS.

MIMICS models a forest  canopy as two ciistinct  hori-
zontal  vcge[ation  layers ct)mpriscci  of tile  tree crowns and
s(cms (or II unks) over a dielectric grounci  surface, The
inci(icn-splcific in[cnsi(y  is rciatcci to the scat[crcci  intcm
si[y througtl  a ~r:t[~sfottlla[ioll” matrix foun(i  b y  api)iying
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I:ig. 6, l.-h:ind  hachwa[tct  as citi!n:itcd using  t h e  h’t  IMICS mmlcl  UIICI
cxl  ItIctcd lItJm AI RSAR dnta I[)r  both lhc thaucd  (hliirch 13) and the i’r{J/cII
(M:ircll 19) dayk for  trals;inl  popl~ir (a), white sprocc (b), and hltick  sprutc
(c). }1}1, VV, and }IV rcsul(s ;irr stlown.

radia(ivc  transfer cqua~ions  in the crown  slid  stem layers,
applying boundary conditions at the ground surface and
vegetation boundaries, and using an iterative tcchniquc  to
solve for canopy backscal[cr,

Two classes of paranlctcrs  arc relevant for model  dc-
vclopmcnt.  ‘1’hcse  arc I ) the riiclcctric pammctcrs  that
specify the clcc[rical propctlics of canopy cons(itucnts,
and 2) the geometric par:imctcrs  that specify the shapes,
sizes, and spatial distribution 01 the canopy constituents,
Dielectric constants may bc used directly as input to the
model, or may bc inferred from the appropriate cons[itu  -
cnt parameters. in this study, dielectric patamctcrs  have
been inferred using the i)? sifu mcasurcmcnts  acquired
during the cxpcrimcnt and through applications of various
dielectric tl~()(iclsl  13], 114].

Diclcctric cylinders arcusc(itonlmicl  stems, branches,
and nccdics,  while (iisks  arc usc(i to nmici leaves. ‘1’ilc
sizcandorientation  ofcach class ofvcgetation  constituent
is cicflnc(i in terms ofa probability density function (PD1~).
lngcncral,  the crown l~iycrconsists  ofconstilucnl  ciasscs
such as branches, ic:ivcs,  or ncc{iies,  caci) with a corre-
sponding  numbcr(icnsity of partic]cs  pcr unit volutnc.  The
geometric parameters applic(i  intilis stu(iy havcbccn in-
fcrrc(i through sets of i}~ si~u mcasurcmcnts  an(i through
application ofaiiomctric  equations [13], 114].

h) M I M I C S  Validiltiwl ~t’ilh AIRSAJ?  IXIIII.. ‘l>hc
measured gtx)un(i an(i canoi>y characteristics dcscribcd
above were  usc(i to vtilid:itc the MIM iCS scat ter ing
nmdc].  Ik>hson e[ al. 1141 ciiscuss this vaii(iation in dctaii.
The results arc shown in l~ig. 6. In summary, the mc:i-

surcd an(i mmicic(i backscattcr  vaiucs  match within 1 till
for aii canoi)ics  and frcc7,c/thaw  states cxccilt when the
ground interaction is significant. ‘1’hc mismatch is prin~ar-
ily ciuc (0 mmiciing tile snowcovcrc(i  surl}icc  as :i s ingle
haif-space as oi~imsc(i to a iutlf-simcc covcrc(i  by a snow
layer.

Fig. 7 sumnlari~,cs  ti~c scattering intcr[ictions  at I.-band.
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l:ig. “/, I)Ol]lin;+~ll  inlcrdc[lons  i’[)t I  -t~i(nd  sc:t((cting,  i’rolll  balsLInl poplar,
w h i l e  s p r u c e ,  dII,l black  spTLlc. c t)n t){)ll) (IIC f’r{)~cn and Ihc lh:Iwcd  ddys.
11}1 (ci:ishcd  Iinr) and VV (solid  Iinc)  in(cl;tc(i(ln  alc shown if’ lhc biick-
scattct  rctu]-][ is significant. AI t}Ic I(IWCI righl 01 c;ich lipurc, the m(ims of
stc III- pround  [o [, IIal b:Icksca IIcr  for }Itl :IrId VV aIc shown.

Numbers to tile iowcr right f’or each case arc the ratio of’
stcn- gmun(i  to total backscattct- for }lH and VV.

‘1’hc total backscattcr  ft~)n~ f rozen ba lsam poi>lar is
smali;  most t~f the cncrg,y passes thro~lgh  the canopy and
is scat(crcci it! (he forwat-d tiitcction or is attcnuatcci by the
gmunci [is the iow (iiclcctt-ic  propcr~ics of the trees CiO not

con[ributc  si}!nificantly  (() the backscat(cr.  I’here is a smail

anmunt of scal(cring, however ,  from both (11c dircc[ crown
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(prinutrity  V V )  a n d  the stcm- {~round  (prinlarily  H}]).

When tbc b:Ilsam poplars thaw, both VV and H]] scaticJ -
ing from the crown  increase, although  the HH term is still
don~in:tlcd by stclll- ground. 1 IV biickscattcr  fron]  difl’usc
canopy sca(lcring  Itiso incrcascs  significantly  belwccn  frc~-
7C[I :illd  thC  ttlitWCd statCs dllC tO the incrcascd  dielectr ic
Cons(:llll  of” t}lc C:inopy  [ 14].

J:or white spruce, VV scxttcring is dol)linatcd  by crown
scitt[cring  for both the froxcn  ami the thnwcd  conditions,
Ijor the Irtlz,cn condition, 11}1 scattering includes stcm-
ground  and crown sctlttcrjng; white for tbc [hawed  con.
dition,  H}] sciitlcrillg  is prin~nrily  fro!ll the crown.  As with
the btilsam poplar. t h e  kIV b:tckscattcr  incrcttscs  signifi-
cantly  with th:iwing (iuc to the incrc.asc in canopy ciicicc-
tric constant 114].

I;orbiticii spruce, as witil J3:Iis:iIN popiar,  timre. is iittic
backscattcr  return in the irozcn conciilion; however, the
HI+ return is (iolnin:ilcd by s(clmgr{)und scattc.ring,  iinci
the VV return by ciircct  crt~wn rctllrn. When Ihc biack
spruce thaws, VV sc:tl(critlg is prilnariiy from tile (iircct
crown, wi~ilc  1111  scallcrirlg is f’rom both thcciircct crown
anci stc]mgroun  (i, in gcncrai, forl,-ban~i imiigingof the
forests undcrlro~,cn  con(iitions, ti~c canopy tcncis  to show
iimitc(i interaction with tile ra(iar  signals, whiic for tbc
tilawcd  canopy, ti~crc issc:it(elillgf r(~lllb(~[lt  thcstclniin(i
the canopy. VV srattcring is (ionlina(eci  by crown rctL]rns

i n  b o t h  ti]c frwcn an(i ti~c thawc(i  conciitions,  whiic }1}3
scattering has a significant stcn-gr(wn(i  component in
both  timlrozcn  :inci ti)c thliwc~i st:~tcs.

c )  \’f/tlzyi M()(lf’/: ‘1’hcviin  7Jyl lno(icl [39]  uscspo-
iarinmtric  SAR(i:ttii fort tl~s[lj>cr\iscci  cli~ssificti(ion  ofthc
scattering behavior by cmnJxtring  ti~c Jmlari~,:ition proJ~-
crtics  Ofcacil pixci in  an illliigC  [0 lha[  o f  sinJJlic ciasscs
of scat ter ing suci] as even number  of rcllcc(ions. OCiCi
]ll[(llbcr(~frcilcclioils, :tnci ciifl’usc scattering. ‘1’i~c foiiow~-
itlg criteria cictcrlninc lhc (iolllil)illlt scat(cring lllCCila-

nisnl:

spccul:lr  ii

~e(HH VV%) >  H V  (J>ixcls COtOl’Cd  bJuc)

corner reflector if:

- -  RC(tlH  VV*) >  }IV (pixclsc(dmui  rcci)

ciiffuse if:

lJ-?c(llHVV*)\  <  lIV (pixclscf}lolc(igrccl~).

RCSLII(S using the van ~yi mocicl arc prcscntcci by KwcIk
(JI (//. (this issue) for ti~c frozen  an(i tiutwcci  (iiiys.

A s  b o t h  t}lc MIMICS I]]micl an~i the v:in Zyl rcsuits
indicate, thcciol]~inant  l.-banci  scattcrit~g f(~rthawcci  forest
is from the canopy  it]~d  is ciifl’use for both white spruce
and baisam poplar. Bo(h MIMIC’S :Inci v:in Y,yi’s  nmiel
imiicatc singic  bounce scattcritlg from tile c;tn(opy  for fro-
zcn wilitc spruce. l~(~r froz,cn b~tlsiit]~ popiar  aII(i  black
sprtice,  t h e  M I M I C ’ S  nwtici pre(iicts  sigllificiil~t stcn~-
ground  return,  whiietilc vtin ~,yl mmici  silows  J>l”inlilriiy

SpCClliitl’  scatlcr  fron] the clown.

~ THAWED WS/BP

_ FROZEN WS/BP

R NOT CLASSIFIED

~ THAWED ES

- FROZEN ES

m UNCLASSIFIED

L-BAND
HH POL

C .  Rocyiolt(i[ Mottilotiftg

TIIC abt)vc rcsuits  i n d i c a t e  ti~iit i( is J~(~ssiblc to cic(cr-
lllinc canopy frcez.c/tlta\\ s(i~[c in Ai;t\ki{l~  forests  basc(i
ol]tl]c~l~iilysis  of:] fc~sclc>ct”  sti+]~(is  in IK’lj J~. Ourabiiity
[(> cstilnal~  f-rcc~c-tlla\\J  S(ittc  on a rcgionai  basis m:iy  b e
:iddlcsscd  hy ii})~iiy~il)g,  the  cfltirc AI RSAi-1  sccnc.

A sitt~J>ic  bitCks~a{tc]  lcvci siicing rout ine was usc(i to
ci;tssify  fr(}zcll  illl(l thaw~xi fi~rcsls i n  tile  Bon:inza  ~rcck
sccnc. Using  the Marcl I J988 1,- ban(i }lH results for the
mc:tsurcci  tCst Stltn(iS,  thl’  foilow’ing CiassifiCiition  units
coLllci bc i(icntificd fi)l wilitc spruce/baisiill~ poplar
(WS/13P):isa singic  folcst unit:

13.5 cill  <  00 <  9.8di\ fIWcnws/llP ( 2 )

anci lorhiack spruce (IIS) JS a single unit:

-- 13.7 ci13 < 00 < - iO.7 (iIl til:iwcclm ( 3 )

-- 1 5 . 1  (ill < 0,,  < - i3. -/dil frozen  1]S. (4)

N~tc ti]:it fr(~mn WS/JIJ’  :ll](i  thitwc(i  BS h:ivc  si[~liliir
backscattcr  Sii’.llii[lllCS.

‘i’hc ciassifi(ation  rcsLllts  :(IC si]own  i n  l~i~. 8. ‘Ihawcci

. . . . . . . . ..-

~-” ““”””” ““
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Iig.  ‘). Sc:I\[IIIiIl  b;Ich\c:IIIc I sii]lulaliot]\  dcrivl-d  using  III, hllhll  CS  III(l(Ic  I

l~)r  liRS 1 (a),  J}iRS-1 (t>), ancl  RAI)ARSA”I  at 2 3 ”  (c) ,Ind 35” (d) illrl

(Icllcc  :Illgll’s.

stands arc COIOILYI Id, {f’07cn Slands  arc Cololcd” bll]c, and
stands outside  the class ifictition limits ~irc black. in F’ig,.
8(:i) and (b), f’rc)~cn and thawcxl  WS/111’  stands arc idcm
tificd using the original AI RSAR  data as input and equa-
tions (1)  and (2) .  on March 13 [ Iiig,. ~(a)], t h a w e d
WS/llP stands a r c  c o r r e c t l y  idcnlificd  (Colort’d  ml);
t h a w e d  13S slands  are lnistakcn  lot lr(wcn WS/111’  stands
a n d  coloml b lue.  on Match  19 [I:ig. 8(1>)], all WS/111’
stands arc correctly idcniificd  as fr(~zen (coloml blue);
most 11S stands arc ou(sidc  the limits spccificd  for frmcn
or thawed WS/111’  :Ind arc colored” black. ‘1’hc misclassi-
fication  of trees along [he ri\cr as thawed WS/111’  oc-
curred bcc:iusc the stcnl - ground interaction of the Molar
with border trees occurs withoul  attenuation through  the
canopies of’ neighboring trees, rcsutting  in a g,rcatcr return
than from  the rest of lhc sland.

In I:ig. S(c) and (d), fr(wcn  and thawed 11S arc identi-
fied using equations (3) and (4). On March 13 [J;ig.  9(c)],
thawml  BS s t a n d s  arc corrcclly  idcniificd. ‘ 1 ’ h a w e d
WS/BS  stands arc outside the limits set for fro?cn  and
thawed 13S and arc colored black. On M;irch 19 [l(ig.
8(cI)], frmcn 11S stands arc correctly colored bloc,  how-
ever, WS/Bl’ stands arc idcnlificd  as tllawcd  11S and co-
orcd rcci.

in aciciitiOn  to using backsctlttcr  as an in(iic~itor  of frcc7-
irlg,  scat(cring  mccimnism  may bc usc(i for wilitc spruce
anti baisam poi~iar. I:ot both spccics, a ciwngc  fr~m~ si)cc-
ular  to (iif~usc scallcr in(iicalcs  II cilangc  f r o m  fromn tn
thawc(i  canopy con(iitions.

]V. s{),, IiR},[,Z,I,/rl}]A\\  ANI)  ])1,[’II)(I()(Is  ].1.A1’

ON/~11 hfiol)]  I SINI1lI.A’IIONS

N(J ci:ita exist for wri~ich (i)c soil thaws or tile Icavcs
c o m e  OUI m faii; thcrcforc. wc wiii usc the MIMICS
mo(iL’1 whici)  has been \Jai idatcci for tile available canopy
frcc7c/(ilaw cf)nditiotls  to silnuiatc  cxpcctcci so i i  frccm/
thaw ami lcal  on/ofl Iwcksciillcr  signatures. WC focus on
1,-ban(i }i}~  :Inci C’-ban(i V V  an(i }1}1 S A R  Cil:lllIICIS  aS

these arc the ~)ncs  ti~at wiii bc availabic  witi~ current :tnci
futulc spacci))rtlc  SAR Inissions,  inclu(iing llRS-f and
}; RS-2, Jlil{S-1, and RA1 JARSA’I’.  Also inclu(icd  a r c
s imula t ions for  canopy fr(’c~c/ti~aw  such tilat ~-ban[i
cbanpcs  may bc a(icircssc(i.

‘I’l IC mocici  within MI M 1(’S for scatter from snow-co\J  -
crcci g,roun(i \\’:is cicvcloi~c(i  and vali(iatc(i  for application
at 1 . - h a n d .  As tilis nlmici n~ay no( ncccssariiy  bc appli-
cable at {~-band, some all~bip,ui(ics may result in the ~-
b:in(i nmicl simulations wili~ respect to cilanging  snow
con(iitions.

A .  Mdcl Sij]lulatiojl,i

~’hc scasotlai  cycle in lilt soii-  [rcc systcm for each of
(i~c i)rimary fi(miplain forcs( tyims m a y  bc [irbitrariiy (ii-
vicic(i into sc!crai stages w’ilirh slloui(i  c{)rrcspon(i  to (iis-
(inct  signatut(s  in the SAR (iat:i;  these arc shown in ‘1’able
V. ‘J’lIc conditions inciu(i~’ cano})y free/c/thaw (con(iition
I -2), snow mcll (2-3), dryinp  of’ silrucc  ncccilcs un(icr  frost
cirou~i~t  (3-4 ~, soii  thaw accomixinicci  by an  incrcasc  in
ncc{iic  nlois(~lrc an(i wa[cr  ix)tcntiai (4-5), icaf-on  for the
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Iemp s t a l e State S t a t e / C o n t e n t  Potent i:, l State  /C O”tent  IBolcntial
I.eaves St?,)) N e e d l e s Ste”,

-.

I <o. fco7cn d r y frorcn o ir”7cn fro7cn o
2 >0” lr07cn Wet normal o normal normal o
3 >f)~ rco, cr) normal o normal
4

normal d)
>t)~ Irozcr normal O dry d,>

5
<1

>0°  moist normal u normal nor”cal
h i-g h

o
6 >0° “coist normal o normal normal o
7 >0°  moist “O, ”,al normal o “O, rual normal o
8 >o~ d r y normal normal dl normal nom,  al ()
9 >0” dry dry dry <) normal nOrn,  al ‘fI
I o >o~ dry dry dry d) dry d,) <1
II >o~ flooded nom, ,l normal o “O,  rt, al ““,  ”,,1 o
12 <o. fro, cn n o r m s ) o n o r m a l normal (1

13 <0” l“ro7en fro,  cn o fr07en fr07cn o

Not, Cmd,l,  m 1 i, fhc smc cm hlmch  13, 1988; and  cmd,  !mr, 2  is Ihc s.,,, c m hfarch  1 7  and  19 1,)88

balsam poplar  (5-6), a summer dccrcasc in leaf moisture
(6-7), clrying  of the soil and stressing of the balsatn poplar
(7-8), drying of tbc balsanl  poplar Icavcs (8-9), drying of
the spruce nccdlcs  (9- 10), llmding ( 1 ()- 1 1), soil frccx,ing
and leaf fall (11-12), and canopy frcc~,  ing (12-13). Tbc
ciiflcrcnccbctwccn  conciitions  1 :tnci 13 isciucto s n o w .

1) 1</7s-1 l’{it”(il)l(’1(’ t”.v: Backscattcr  as a function of sca-
sonai s(a(c was sinlulatcd  using }~~S-1 r:iclar paratnctcrs
(C-ban(i,  V V  pOlarimliOn, 2 3 °  incicicncc  angic)  for[hc
conditions silown  in ‘1’able V. llRS-I was Iaurtcilccl in July
1 9 9 1  an(i wili bc in orbi(  nominaily t h r o u g h  1 9 9 4 .
ERS-2 wiil follow IiRS-1  with a launch in tile 1 9 9 4 / 5
timeframe. ‘1’abic  V I  sumnlari~,cs tile soil a n t i  canopy
pmpcr(ics  used in the sitnulatif)ns.  ‘1’hc sinlulatiOn  results
arc shown in ‘1’able V]] an(i I~ig. 9(a).

h’or ~-bancl VV for all three forcsl types, there arc ]argc
totai  changes in the backscattcr  over the year of 6.8  dB
for balsam poplar, 4.3 dll for white spruce, ancl 10.6 cl13
for black  spruce. Aii three forest types show a ciroi> in
backscattcr  when the stcm and snow arc th:iwcd  relative
to frmcn. All tilrcc canopies aiso show an incrcasc  in
backscat(cr  bdwccm  c(~nditions 2 tind 3 whc.n (hc wet snow
ciisailpc:irs  and the spruce bccotnc  strcsscci. Soil thawing
(conciition  4 :ind 5) rcsul(s  in a 2-3 dll incrcasc  in back-
scat(cr f o r  tile baisam popl:irt bowcvcr, [his change is
modulated by a par~illc] ch:ingc  in icaf moisture in the
spruce. ‘1’here is a large cb:ingc  in backsca[(cr  between
conditions 1 I an(i 12 when the ground conditions arc
changcci f r om ~loo[ic(i to ftmcn :imi the Icavcs fiiii. “1’i)c
diflcrcncc bclwccn  condition 8 :ind 9 shows the chaTlgc
ciuc (O tile baisam poi>iar lc~ivcs  cirying;  [his  change results
in Iit[lc b:ickscat[cr  cb:ingc  tit (2VV.

in summary, for (11c  s[:itcs of interest to ~ol flux nmi-
cling, ~VV provides infortnation on canopy frcczc/lhaw
and soil frcczc/til:iw but ~iocs not show scnsiti\~ity  to icaf
otl/ofl’.

2) J1<R,T-  1 (Itjd  A’A [>A RSA  T Patntt)cletx:  ‘1 ‘he a b o v e
s imulat ions were rcilcatcd  using tlidar ilaramcters  for
J1lRS-I  an(i Qn:i(ia’s RAI)ARSAT. J1tRS-1  is an 1,-btin(i,
HH polari~,c(i systcm with an incidcncc  angic  of 35° and
was laLInci~cci  in I;cbruary  1992. RAI)ARSAT  is a ~-band

systcm witil HH pol:irintion  and a cap:ihiiity  of opcratitlg
at a variety of inci(icncc  nl)glcs;  23°  ;ind 35° angles were
usc(i in thc~c simulations; RAI)ARSA’I’ is schcciu]cci for
a 1994/5 lallnc}~ and a 5.ycat nlission  Ii fctinlc. ‘1’hC f’CSUltS

of the JF. RS-1 an(i RAI)AI{SA’I’  simulations arc shown in
‘1’able V]] and I~ig. 9(b)- (d).

For  both the JI{RS-  I and ti~c RAI)ARSAI’  pammctcrs,
there is sig, tlificant change in backsc:i(tcr  over the sc:ison.
As was shown with ti]e AI RSAR  cia[a,  [hc ],-banci shows
a significant rise in b:icksc~itlcr  wilh thawing (con(iition
1 -2) for’ iiil three forcsl  tyi)cs.  ‘1’ilc ~HH RADARSA’1’  p:i-
ramctcrs  snow little ci]any,c (iuc 10 frccy,c/tilaw  cxccpt  f o r
tile wilitc s p r u c e  whicil sho\vs a (imp  simiiar to tilat ob-
scr\cci  wittl the IIRS-  1 (IVV pammctcrs.  Soil th:iw  (4 -5 )
results in Ii[tic change 1’01  \vhitc spruce at I.HH or’ ~HH,
hut a significant rise for imlsatn  poplar an(i white spruce.
l,caf-on  (S 6) results in a iargc  (imp  in backscattcr  at
~}1 H. I;ail (irying of tile  leaves (8-9)  likewise rcsuits  in :i
rise in backscattcr  at C}]}{.

3) S/4m///ary:  “1’hc  above tn(xlcling results silow  that at
least two diflcrcnt  ra(iat  ctl:inncls  arc rcquircci  to estimate
glowins sciis~n  lengtil.  Soil frcczc/th:iw may be cstimatcci
witil l; RS- I ~VV or JIlit S- 1 1,1111 channels; however,
n e i t h e r  provicie  acicquatc  sctlsitivity to icaf on/ofl. RA-
I) ARSArJ’ (~HH shou](i ptovi(ic sensitivity to leaf on/off
but Iittic s(risitivily  to frcczc/thaw for the black spruce
and haisanl popiar  forcs(  types. A combination of 1.HH

(Jr-cvV  an(i ci it 1 shouici i>rcsvi(ic :idcquatc
for cstinlating tile  kcy seasonal tfiinsitions.

in-
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14,92 9,32

I 100
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-1 15
-1.1$
4,87
.637
.629

1.01
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.5.42

17.84

Cllll,  35”
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-u 6? -1107
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-678 290
-678 290
-6 7x 290
.9 19 -0’25
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5 7* -1 ?5
4 Rx 5 12
91? -0 16
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8,39 16.19

V .  C1.Asslii[AIION  0 1  }:()~t,sl ‘1’YPIS

In this scclion  wc discuss tbc usc of SAR data for clas-
sifying the landscape into  units Of difl’crcn(  carlwn  flux.
A max imum {i IMAYtcI”i~~Ii  polarimc(ric I]aycs’  classifier
[27]  was used to classify the AIRSAR  data into  groups
corrcspondin.g  to difl’crcnt  terrain cover. }iig. I ()(a) shows
the results using  the March 13 AIRSAR data as input, and
Fig.  lo(b) shows the results using  the March  19 data. I’hc
classes arc: clear-cat areas (CC), :ildcr stailds (Al.), bal-
sam poplar  st:ii](is  (11})), wbilc spmcc  stands (WS), black
spruce s~:inds  (}1S), :iilci r iver  (R) .  ‘1’raini]lg  arc:is rcprc-
scntativc  of c:icb forest  cl:iss :irc t h e  m e a s u r e d  stancls
shown in ‘1’:iblc 11. ‘1’hc :ivcmgc  pol:irimctric  char:ictcris-

tics of all the pixels cont:iined  in the training arc:is Of a
particular cl:iss define the polarimctric  ch:iraclerislics Of
that cl:iss,  and SCIVC :is :in input (o (I1c polariinctric  clas-
sifier.

Chissific:ition :iccur:icy  is then compa[cd  based cm the
cl:iss labeling of the pixels belonging to Ibc 12 test stands.
Classification accar:icy  is recorded  in confilsicrn  matrices,
as shown in ‘1’:iblc Vlll. Vcrtic:il columns inclic:ite  how,
for a partieul:ir class, v:irious  pixels arc misclassified.
Each vertical cOILinlil  tOl:ils 1 00%, and cOnlpOnCntS  of
each vcrtic:il column  denote the pcrccilt misclassification
(as other  cl:isscs) rcl;itivc to the correct classification b:iscd
on the training sites. ‘J’hc tot;il cl;issification accuracy  at
one frcqaeilcy is computed froin the :ivcragc  of the diag-
onal clcmcnts  of the corresponding conflision matrix.

The r e s u l t s  csbtaincd  on M:irch 13 usiilg  fully polari-
mctric I.-b:ind  dat:i yield ii total cl:issifictition accuracy of
76%. WS, BP, :ind Al. arc coilfuscd  bccausc they have
similar backsca[tcr  cbtiractcristics.  I’hc results on March
1 9  imiicatc ii dccrc:isc  in tot:il classificiit ioi]  :iccuracy  of
15% at I.-b:ind. 11S is confascd  with CC;  ancl the confli -
sion bctwccn  11}> [ind WS incrcascs.

in summary, these results indic:itc th:it  (h:iwed  cOndi-
ticms arc better than ftmcn ccmditims for impping fmcst
type in the Il~I;I; flmdpl:iin forests. }Iowcvcr, the clas-
sification  accur:icy  is only  cOlllputcd  Oil ii set Of test stands,
i.e., dots nOt include till the pixels of the sccilc.  l~urtbcr
testing using dat:i cOrrcsponding  to diflcrcnt seasons will

lig. l o .  Spccics cla\\ifica[ic,n map> u~inp AIRSAR  ].-b:ind  folly p[)liiri-
lllCtl  IC’ dal:i  lot hl:{t(h 13 (:I) and hl:ltcl] 1° (b),

‘l All[.t VIII
~otQlllsl(l\  MA’1  1.1(  l\lo  K ( ’ 1  \\\lll(  WIONS (ISIX(; I’olARlhil IRIC’  l.-t]ANl)

AI RS/\, I< I)AIA

March 13

Spcclc< a AI. 111, Wb 1{$ R
[[~ 7 U 3 1 O ? 2
Al. I 70 19 13 2(1 o
Ii r, o 7 61 i I o A!tti,iL~ = 7G%
w I I o 17 ‘/h 2 0
11s 19 1[1 2 I 69 0
K I (1 (1 o 0 98

hlarcl,  1 9

Spcc, c< C Al 1![,  v,h

<[~

lis R
7 3 4 3 0 1 9 ?

Al. I 44 18 11 4 0
0 P 1 0 38 ?8 o 0 .Mcurdcy  = 61%
w 23 3s <3 17 0
m 239? x 59 [)
R o 4[1 o 0 0 98

bc examined in follow-up ~JiipcIs (o II1OIC completely as-
sess  the  pcstcntial of tlic ra(iiit to scp:iratc  varioLls fcsrcst
types anti terlain ccrvcrs  will) a high :iccuracy.
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V] .  I> IS(CISSION

Wc have dctnonsIraIcd  the usc of SAR for mapping for-
est type or functional group for the Inajor floodplain
successional stages in interior Alaska using 1,-bami pol:ir-
imctric  SAR data to an accuracy of approximately 76%.
(lur results also indicate (1IC annual frccxc-  thaw proccsscs
of the m:tior floodplain forest types can bc obscrvccl in
SAR data with a signal tit 1.-band of 5-7 dll. h4icrow:ivc
model sinlulations  show a clear sensitivity to soil frccz.c/
thaw and leaf on/otT. Given these capabilities, the appli-
cation of SAR to improving annuaI ~ol flux cstimrtcs in
the boreal forests will be assessed. Wc first introduce an
ccophysiological  model dcvclopcd  by Bonan which  uscs
standard meteorological cIa[a as input (() simulate daily
COZ flux. We then combine this mmicl  with parameters
which can be estimated with SAR to demonstrate how the
SAR d:ita can bc LIscd to improve annual C02 flux csti-
nlatcs.

A .  Ec<JjJlty.vitjl{)gic~il kf~dei

Our current understanding of the ecology  of bnrcal  for-
ests indicates that interactions among climate, soil tcn-
pcraturc,  permafrost, soil lnoisturc, the forest  lloor, litter
quality, and nutricnl availability control stand pro(iuctiv-
ity :ind organic matter (lccotlli](~siti(~ll  [4], [5], [9], 135]-
[38]. Bonan 17] has dcvclopcd  an ccopbysiological  model
of seasonal carbon uptake and rclc:isc  by boreal forest
ecosystems that quantifies this rcla[ionship. ‘l’he model
simulates daily tree photosynthesis and rcspimtion, moss
photosynthesis and respiration, and microbial respiration.
‘free photosynthesis is a function of the C’C)Z difl’usion  grti-
dicnt, bulk boundary layer resistance, stomatal  rcsis-
tancc,  and mcsophyll  resistance. Stomatal  resistance is a
functinn of irradiancc,  foliage tcmpcraturc,  vapor pres-
sure deficit, and foliage water potent ial.  I’rcc respiration
is parlit ioncd into  maintcn:incc  and growth respiration.
Maintcnancc  respiration is an exponential function of fm
Iiagc Icmpcraturc;  growth respiration is a function of the
cflicicncy with which new tissue is synttlcsi~cd.

Bonan [6]  dcscribcs  the calculation of the rcquirccl  him
physical parameters such :is stomata] resistance, foliage
tcmpcraturc,  soil tcmpcraturc , anti soil moisture. ‘1’hc sur-
face energy budgets for the upper forest canopy,  lower
forest canopy, and ground surf:ice  arc each written in
terms of the tcmpcraturcs  of the upper and Iowcr canopy
and the ground surface. ‘1’bcsc three equations arc solved
sinlultancous]y  for the three unknown tcmpcralurcs;  and
with ground surP~cc  tcmpcraturc, cval>otfitllspiratioll, :ind
snow melt known, soil tcmpcr:iturc and soil moisture in a
multi layer  soil are updated. Required mclcorological pa-
rameters (air temperature, precipitation, air pressure, rel-
ative  hun~idity,  win(i speed, :ind cloudiness) for l:airbanks
were obtained based on the National Oceanic ancl Atn~o-
sphcric  Acll~lit~istr:i(i(~ll’s  (NOAA’s) “ty})ical  n~ctcorolog-
ical year” as dcscribcd  by IIonan  16], [7].

Simulated seasonal cycles of snow clcpth, soil tcnlpcr-
aturc$ stomtital  rcsis(ancc,  and ccmystcm  CX)2 flux using

Fhnan’s  model  are  showtl  in l:ig. 11 for rcprcscnlativc

balsam poplar, wbitc spruce, and black  spruce stands
growin~  on the TaIIana fl(mdplains  :ind average climtic
cotlditions.  Vicrcck c1 a/. [’if)], 141 ] and Van ~lcvc cl al.
[3T1, [38]  dtscribc the strwcturc  of these particular stands.
The balsam poplar stanci is a highly productive 60-ycar-
ol(i stand growing on WJaI m, wrcll-drained  nu[ricn-rich
soil. “1’hc blitck  spruce s{all(l is an unprxduc[ivc 130-ycar-
old stand gt owitlg on cold, poorly ciraincd,  nutricn-poor
soil. ‘l’he white sprl]cc  stand is ~ prmluctivc 1 IS-year-old
stand with a thick forest fltmr g,mwing  on well-drainccl
soil.

In all stands in tl~c sinllllations,  snow began to accu-
mulate  in nliC1-October. ‘J’he open-c:inopy black  spruce and
the deciduous balsanl  po})lar  stands ticcumulatcd  more
snow than Ihc closed-canopy white spruce stand. Spring
snow melt Ilcgan in nli(i-April and was complctcd  by the
cnd of April for all stands. Soils cmlcd during the winter
and bc~an tt) warm in spring  as air tcmpcr:iturc incrcascd
and snow nlcllcd.  ‘1’hc M’allllcsl  summer soil tcmpcraturcs
occurrcci in the balsam poplar  and while spruce stands.
The black spruce s[and had tlIC coldest sumnlcr  soil tcnl-
pcraturcs  aII(l  the shortcs( period in which the soil was
unfm~,cn. “1 hc seasonal cl~ang,cs  in soil a n d  air  tcnlpcrti-
tutcs  were lcflcctcd in the seasonal dynamics of stomat:il
resistance. Stomata \vcrc closed (i .c. , high rcsistancc)
during the winter months \4 hen air tcmpcraturcs  were cold
and the soil was frt~zcn. As tllc air warmed and the soil
tha\vcd,  the s[ornata  opcnml,  arid resistance to waler  vapor
10ss and Col uptake dcclrascd. ‘l’his opening of stomata
occurred approximately thr~c weeks later in the cold black
spruce stand than in (I)c ofhcl stands, resulting in a shorter
gr{)\ving  sc~ison.  “1’hc scason~l dynamics of ccosyslcm  CO~
flux paralllls these site conditions.  Iluring the winter
nlontlls, 0- 5 g CO? m  2day”  1 were lost due to rcspir:i  -
tion. In the spring, as the soil and air warmed, trees began
to g,rmv an(i the ccosysIcIII\  atrsorbcd  significant amounts
of {X)j. ‘1’tiis uptake was p,reatcst for the productive ba-
sam poplar stand aT~d  ICiist  for the unproductive black
spruce stan(l. In the fall, as tllc soil and air cooled, tree
grt)wth  stol]pe(i and the ecosystems no Iongcr  absorbccl
co?  .

‘1’hc onset of COP uptakr in balsanl  popldr  is driven by
bud break ill the spring which in turn is driven by air tcnl-
pcraturc.  I’or white spruce and bl:ick  spruce, onset of C02
up[akc is d(lcrminrd  by the thawing of the trees and soil
which is also driven by ail tcmpcraturc.

Ronan’s  ccc)~~llysi(]l(>~it:ll n~(xlcl can bc used with mc-
tcorolo~,ical  data as the otlly input to derive annual carbon
influx as \\as  shown ill J;ig. 11. ‘1’hcsc seasonal carbon
cycles sho\v that the prirrltiry drivers for estimating net
annual CX)? flux arc .gmwirrp, season lcng[h  (tin early thaw
or leaf-out of four wcclis  rilay c}uingc high latitude grow-
ing season length by up to 30%1), maximum productivity
(which  dcctc:iscs  with scaw~n),  and daily fluctuations from
maximum l)roducti\ity  (Iiy,. 12). Spati:tl  and temporal cs-
tirnatcs  of forest  frcc~c thaw :ind leaf on/ofl’ derived from
SAR data can bc u\cd  to obtain  direct estimates of grmv-
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Fig.  12. Simuldtcd  [’07 flux for  whi le spruce illdicol]tlg n)lc  of various
renmlc  scn\ols  in dclcrlllininy.  illlporl;inl  pa Ii IIIIc(cls  in cstima  tins II)c fill-
nll:l]  Co, f] LIX,

q----  -.. . . . ------------

ing scason lcIIpth. Prod L]cti\ i(y is rclalcd  to APAR, which
in turn can b( derived frc)m oplical remote sensing data
sLIch  as ],andsat  and (cvcntllally) N401JIS.  Ihiily fluctua-
tions in inco]lling  radiation u:in be derived from a cloud
scnsol”  such a\ ‘1’0N4S or AV}I RR. Alternatc]y,  remotely
sensed areal estimates of IO ILISI types (e. g., black  spruce,
deciduous, et(. ) can bc con~l)incd wi{h Bnnan’s  ecophys-
iOl OpiCal lllOd Cl OU[})Ut t(> SCitlC StallCi-]CVC]  ~oj [0 land -
scapc-average flLIxcs.

Here wc usr a conlbinatiol] of SAW ancl mmlcl-derived
parameters to invcstif,atc  the variability in landscape CO?
f lux with scasc)nal sta[c.

B. (‘Q l:1I!.% Maps

rig. 13 sho\vs the lnodcl  diag,lam from which C02 flux
nlap~ and sccllc-averaged COP flLIx for the seasonal states
captuicd  by AI RSAR  arc dclivcd using a cwn)bination Of
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SAR data and cco]~l~ysi(}lt~gic:ll  In(dcl (JLItpu[.  IForcst  Iypc

m;ips arc first gcncratcd  using the M:trch  13 Al RSAR data.
I:Or the [w() spruce fOIcs( (ypcs,  the scasOn:tl  SI:I(C is de-
termined  Llsing  the Ixicksca((er  ranges ltOnl  cqlliitiOns  (1)-
(4). l~or (IIC th;iwcd  sptwcc, the ~’ol flux  derived by BOn:tn
(I;ig. I 1) arc then app]icd.  l;Or frwcn spruce nml leafless
poplars,  the U)z flux is (). ‘1’hawed whi[c sprLIcc  and black
spruce hnvc nvcragc  d:lily ~oj f l u x e s  (){ 22 and - 10 g
1)) 2(i:ly  ‘ , rcspcc[ivcly. ‘1’hcsc daily [’()? {lUXCS arc then
(ii S}ll:ly Cd 21S ii (’OZ flLIX 1)1:1[>  :Illd (hC 2iVCl:l~C SC’C1)C  ~()~
f lux isdcrivcd.  ‘I’oi’li]ll]cril  ltlstr:ltettlc v:illlcofl]lollitor-
ing the lc:il(Jtl/(~fl’  co]lclilic)lls,  we silnula(c  the addiliOn  Of
balsam popl; ir Icavcs to t h e  March  13 sccnc  to obtain  :i
slate when bOlh  the spwcc  :LI]CI (IIC popl:~rs arc cxchan~inp.
~Oz.  “1’hemsull  isnlsO  shown in liig. 13 Llsillg,  al]  :Ivcrilge

ciaily r702  f lux  fOI halsaln  pOplar 0 1  - - 3 5  g Ill’ 2day 1.
F1OI11  the fr07cll to the (tliiwcd to the  Icaf-[)1) Sta(c,  t h e
Sccnc C[)2 flllx Changes from  ()(()  - 7 to 13 g 111” ?day” ‘.
S u c h  a nlmlct  must bc v a l i d a t e d  for ]Matly  more fot-cst
t y p e s  ami sc:tsonai  conditions;  ilowcvcr,  tilcsc rcsu]ts  il-
lustrate  [i]c ilnimrlancc Of Im[il landscai~c classifica(iOn  an(i
sc:w)nai  stdtc 10 any cstimdtc  Of iandscapc  C()?  f l u x .

(’. lHlpl”()\Y’tllelll  11’;//1  (’1(1. v.v(/i(’[llio)l

}3011}\l]’s ccollil)s iologic;\i Illmici 161, [7] rcciuircsfOrcst
type mvc]:igc  pclcen(  [() (icrivc ian(iscai>e C:[)Z flux csti -
n]atcs. ‘I’l)(l >ctcc])l:i  tc:\icx( c])tsofllS, W~S,131’,  Al., [’~,
at~ci  R WCIC estimated using tile  ci:issific(i AI RSAR  sccnc
(ir[cicicncc  aIIgic  tan~,c lr~)t]~  37.5° to 52.5°) from hfarch
l~[~;i~.  lo(:i)l;  tl~cscct]~ct  )l](:~irls l(i.  [)YCC,  17.5%A I,,
13.()% 1]1’, 22.22’ V4’s,  i~.()% 11s, arl(i 13.3% R (1’able
lx). ’1’11c:\lllll12ii  [’opflLlx f[)l C:icil{)f lllcsei:lllcisc;li) ctyi)cs
w:ts(bcn  simuiatcci usinp, llot]:ll~’ sccophysic)logicai mocici
[71. ‘1’ab]c ]~ ShoWS  lil(’ tt’c(’, moss, microbe,  ami totai
Cc[)systcm c[)~  flllxcs, wilcrc  a  ncga(ivc  f l u x  indic;t(cs

C02 Llptakc.  “1’hc  flllxcs f’ol black  Sprllcc a r c  (ilc a\Je I’agc
of nine s(ttn(is, and the flLIxcs for \vili(c si>ruce :in(i b:ilsam
pc~pi:ir ar~’ti~c a\ct; igcoi’(i\c\il]itc sl~rl]cc at]citi]rccbal-
sttl]l pq>i:lr  st:in(is,  rcsi><cli\ciy. ‘1’hc r iver  baci no {’[)j
flux. 'l`i]c:, tcacl:lssif icci:i\c ic:llcll(i] asI)()tt  ces,tilcref()rc

no C;C)2 flux was :issu  IIIcci fol this Cstilluitioll.  NO (i:ita cx-
isl for aidL’r; h e r e  \41c assun)e f l u x e s  cqilivti[cnt  to aspcN

[71. ‘1’tictf)t:ii ian(isc:ii~e C’OP i n f l ux  w:iscstimatcci tobc
987 g cc) 111” ~yl ‘.
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S t a n d A r e a l, C’> hloss hlicrobt  Itcosystcm
(9.  .  .

AI,*** 17.5 .2123 0 298
B r,

-18?$
13, [) .3195 (1 514 -2681

w’s 222 .1212 -216 322
us lm.o

-1106
.354 -20[) 171 -3$4

. NCFJ,>VC  flux,, ,,,,!,,,,, COI up,.,  k<,  s,,,,.la,cd  .!,,,,.,1  CT]] flu.  da!d  (r”.,  BOII.I!I (1991b)

. Bawd on h!arcl,  13  AIKSAR  (l<,(,
NO da[,  ,.,[, 1“, ,Id,r, a,,,,,,,d COJ n., qu,  vdm  ,“ .!,),,, (UO,M,,  1 9 9 1  b ) .

The landscape C’OZ flux derived from the model is sen-
sitive  to forest type. l;or example, il’ all Iorcsts  in this area
(i .c., 70.7 % of (I]c sccnc) were balsam poplat, the model
estimate of the Iandscapc ~OL influx would have been
1900g  ~Oj n“ ~yr- 1, or more than [i factor of two greater
than the above estimate. If all forcs(s  were 13S, the esti-
mated COl influx would bc 276 g C’O1 n“ 2yr - 1, or about
onc-quatlcr of Ihc cs[imalc  based on the acILlal forest type
distribution. li’the entire sccnc  were 131’, WS, or 13S (i. e.,
wi[houl  river or clcarcut  areas), [he ~Oz influx would bc
2681 (nearly three times greater), 1106 aTId 384 (about
one-third) g ~01 n“ ‘yr” 1, rcspcctivcly. ‘1’hc ciiflcrcnccs,
in COZ influx prcdictcd  by the model for three lorcst types
are due to diflcrcnccs among the types in both photosyn-
thetic  rates pcr  unit of Icai area and total  Icaf area. These
simulations demonstrate the importance of accurately de-
termining the spatial mix of forests by ~Oj functional
group or forest Iypc.

This paper dcmonstra(cs  using AIRSAR  data and MIM-
ICS mmicl  simulations so that it is possible to both mom
itor seasonal change and map forest type using nlultitcn-
poral  spaceborne SAR d a t a  i n  ICVCI  tcmtins.  ‘1’hc
importancc  of SAR-derived estimates of scasomtl state and
forest type or functional group  as input to the ccophys-
iolo, gica] models was demonstrated. other sensors, such
as I.ancisat and AVHRR, may oflcr similar abilities for
landscape classification and monitoring leaf on/ofT pe-
riods.  Wc bclicvc SAR is unique in its ability to monitor
frccY,c/t  haw duration.

With the launch of l; RS- 1 in the summer of 1991 fol-
lowed by liRS-2, JliRS-1  , and RAI)ARSA’ll,  the o p p o r -

t u n i t y  to b e g i n  l o n g - t e r m  monitoring  of t h e s e  p a r a m e t e r s

should allow important  advances in our undcrstanciing  of
the role of the boreal forests in the global  carbon cycle.
Additional studies, particularly for upland forests, arc
ncccssary 10 fully undcrstunci our ability to LISC SAR on a
rcgionai  basis to monitor growing season ]cngth  anti map
forest tyi>c  in boreal forcsls.  Outstanciing  ecological ques-
tions  inc]ucic  uncicrs(anciing the i>roccss  of soii anti canopy
frccz.ing and thawing rcialivc 10 start :in(i stop of transpir-
ation. Outstanding SAR rcnmtc  sensing questions inclu(ic

valiciating  our :tbility to nlotlit(lr lc.af on/ofl’  and soii frcczc/
thaw indepcncient of canopy I’lCCZC- thaw. The microwave
models in(iicatc  that i[ is imssib]c  to observe these pro-
CCSSCS;  howcvtt’, remote scn~ing data arc rcquircci  for val-
idation.
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